The GATA factor Serpent (Srp) is required for hemocyte precursor formation during Drosophila hematopoiesis. These blood cell progenitors give rise to two distinct lineages within the developing embryo. Lozenge, a Runx protein homologue, and Glial cells missing-1 and -2 are essential for crystal cell and plasmatocyte production, respectively. In contrast U-shaped, a Friend of GATA class factor, antagonizes crystal cell formation. Here we show that Srp, Lozenge, and U-shaped interact in different combinations to regulate crystal cell lineage commitment. Coexpression of Srp and Lozenge synergistically activated the crystal cell program in both embryonic and larval stages. Furthermore, expression of Lozenge and SrpNC, a Srp isoform with N-and C-terminal zinc fingers, inhibited u-shaped expression, indicating that crystal cell activation coincided with the down-regulation of this repressor-encoding gene. In contrast, whereas U-shaped and SrpNC together blocked crystal cell production, coexpression of U-shaped with noninteracting Srp proteins failed to prevent overproduction of this hemocyte population. Such results indicated that U-shaped and SrpNC must interact to block crystal cell production. Taken together, these studies show that the specialized SrpNC isoform plays a pivotal role during crystal cell lineage commitment, acting as an activator or repressor depending on the availability of specific transcriptional coregulators. These findings provide definitive proof of the combinatorial regulation of hematopoiesis in Drosophila and an in vivo demonstration of GATA and Runx functional interaction in a blood cell commitment program.
V ertebrate blood cells develop from pluripotent stem cells that are capable of both self-renewal and sequential commitment to divergent lineages of increasingly restricted developmental potential. A number of studies suggest that combinatorial interactions between hematopoietic factors regulate lineage selection. For example, Friend of GATA (FOG)-1 converts GATA-1 from an activator to a repressor of eosinophil lineage commitment (1) . In addition, this complex is required for erythrocyte and megakaryocyte differentiation (2) (3) (4) . FOG-1 may also act with GATA-2 to initiate megakaryopoiesis (5) . In general, FOG proteins bind the N-terminal zinc-finger of their respective GATA partners. This interaction modifies GATAregulated transcription in a variety of tissues and in taxa ranging from flies to humans (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Hematopoietic coregulators of GATA factors may include members of the Runx family. Proteins from both families are expressed and function during megakaryopoiesis. Inherited mutations in either GATA-1 or Runx1 are associated with congenital thromobocytopenia (15) (16) (17) (18) (19) (20) (21) . Furthermore, in vitro studies suggest that GATA-1:Runx1 complex formation regulates megakaryocyte differentiation (22) . Studies in Drosophila have identified hematopoietic functions for homologues of GATA, FOG, and Runx class genes (23) (24) (25) (26) . However, combinatorial regulation of lineage commitment in the fly has not been demonstrated.
Drosophila has a rudimentary hematopoietic system with two blood cell types, crystal cells and plasmatocytes. During embryogenesis these cells develop from hemocyte precursors derived from the cephalic mesoderm (25, 27, 28) . The lymph gland is the site of larval hematopoiesis, producing the two primary lineages and a third cell type, called the lamellocyte (25, (27) (28) (29) . Together, these cells provide the organism with the capacity for wound healing, immune response, and removal of apoptotic cells. Crystal cells, named for their crystalline inclusion bodies, repair cuticle lacerations and encapsulate foreign invaders (28) (29) (30) . Plasmatocytes, which comprise 95% of circulating hemoctyes, synthesize antimicrobial peptides and differentiate into macrophage-like cells that phagocytize microbes and apoptotic cells (28, 29) . Lamellocytes mount a response against invaders that are too large to be phagocytized (29, 31, 32) .
The GATA factor Serpent (Srp) is required for the production of embryonic hemocyte precursors that give rise to both primary blood cell lineages (23, 24) . Expression of srp in the larval lymph glands suggests that its role is reiterated during larval development. However, this function has not been demonstrated because of the embryonic lethality of null mutations (25) . Srp acts upstream of the lineage-specific transcription factors Lozenge (Lz), a Runx homologue, Glial cells missing (Gcm), and the FOG family member U-shaped (Ush) (25, 26) . Gcm-1 and -2 direct plasmatocyte production (33, 34) . Together with Srp, the NotchSerrate signaling pathway up-regulates Lz in hemocyte precursors, thereby promoting crystal cell lineage commitment (25, 35, 36) . In contrast, Ush antagonizes crystal cell production (26) .
In this report we show that Srp, Lz, and Ush interact to regulate crystal cell production. Specifically, Srp and Lz synergistically activated crystal cell lineage commitment. In addition, SrpNC, the Srp isoform with N-and C-terminal zinc fingers, and Lz functioned together to inhibit ush gene expression. Furthermore, Ush repression of crystal cell production depended on binding to its GATA partner SrpNC. These data show that SrpNC acts as an activator or repressor of both crystal cell lineage commitment and ush expression, depending on the availability of specific coregulators. Moreover, these studies provide an in vivo demonstration of opposing cross talk between regulatory pathways. Together, these findings document essential genetic interactions during Drosophila hematopoiesis and provide an in vivo demonstration of GATA:Runx synergism as required for specialized hemocyte lineage commitment.
Materials and Methods
Fly Strains. y w 67c23 served as our wild-type stock. The upstream activation sequence (UAS)-ush and twi-Gal4 strains used in this Abbreviations: Bc, Black cells; FOG, Friend of GATA; Lz, Lozenge; Srp, Serpent; SrpC, Srp isoform with a single C-terminal zinc finger; SrpNC, Srp isoform with N-and C-terminal zinc fingers; UAS, upstream activation sequence; Ush, U-shaped; Gcm, glial cells missing. study are described elsewhere (37) . The following strains were generous gifts from colleagues: UAS-lz (J. Canon and U. Banerjee, University of California, Los Angeles); UAS-srpC (D. Hoshizaki, University of Nevada, Las Vegas; SrpC, Srp isoform with a single C-terminal zinc finger); e33c-Gal4 (N. Perrimon, Harvard Medical School). srpNC cDNA was generated by using RT-PCR with the following primer set: 5Ј SrpI, AAAACTC-GAGTCATACGCCTACCCAGCTCTACGAG; 3Ј Srp2, TTTGTCTAGAGATAGATTTTAGATAGATGAGTGTT-CTTTG. The PCR product was cloned into the pCRII vector (Invitrogen). The srpNC V421G mutant was produced by using the Stratagene Qwik Change kit, the srpNC cDNA template, and the following primer set: 5Ј SrpVGa, GGGCGAGAATGTG-GCAATTGTGGTG; 3Ј SrpVGb, CACCACAATTGCCA-CAT TCTCGCCC. To generate UAS-srpNC and UASsrpNC V421G transgenic fly strains, the cDNA for srpNC and srpNC V421G were cloned into the P element vector pUAST and injected into y w 67c23 embryos. Multiple transgenic lines were established by using standard transformation procedures (38) . Several lines were tested for each DNA and all showed a strong crystal cell phenotype.
Immunohistochemical Staining of Embryos and Larvae. Collection, fixation, and immuno-histochemical staining of embryos were performed as previously described (38) . The U-shaped antibody has been described in Fossett et al. (26) and used at a 1:500 dilution for embryo staining. A polyclonal antibody, which recognizes a crystal cell-specific antigen, was produced by injecting either guinea pigs or rabbits with keyhole limpet hemocyanin conjugated to the synthetic peptide SrpNC 409 FDADY-FTEGREC 420 (Alpha Diagnotics, San Antonio, TX). A 1:500 dilution was used for embryo staining. Rabbit anti-rat, goat anti-guinea pig, horse anti-mouse, and goat anti-rabbit secondary antibodies (Vector) were used at 1:1,000 dilution.
In Situ Hybridization of Embryos. Black cells (Bc) cDNA was generated by RT-PCR using the following primer set: 5Ј Bc1, 5Ј CACGGATCTGAAAGCCTTGG; 3Ј Bc2, TTGCCCAG-GATATCGATGCC. The PCR product was cloned into the pCRII vector, with clones used to produce cRNA antisense probes. The in situ hybridization was performed according to Gajewski et al. (38) .
Gene Expression Analyses in Mutant and Gal4͞UAS
Embryos. Embryos and larvae were cultured and collected at 23°C. To visualize crystal cells in lymph glands, larvae were heat treated according to the method of Duvic et al. (35) . Pan-mesodermal expression of the various transgenes was achieved by crossing
UAS-srpC, UAS-srpNC, UAS-srpNC
V421G , UAS-lz, or UAS-ush males to twi-Gal4 virgin females. Larval lymph gland transgene expression was achieved by crossing either UAS-srpNC or UAS-lz males to e33c-Gal4 virgin females. A two-generation cross was required to coexpress srp with either ush or lz. UAS-ush virgin females were crossed to UAS-srpC, UAS-srpNC, or UASsrpNC V421G males. Subsequently, F 1 males from each cross were crossed to twi-Gal4 virgin females to achieve coexpression of ush and srp. UAS-srpNC or UAS-srpC virgin females were crossed to UAS-lz males. Males from each cross were crossed to either twi-Gal4 or e33c-Gal4 virgin females to achieve mesodermal or larval lymph gland coexpression, respectively.
Results

Srp and Lz Synergistically Activate the Crystal Cell Program in Embryos
and Larvae. Vertebrate GATA-1 and Runx1 are coexpressed and have overlapping functions during hematopoiesis, including megakaryopoiesis (15) (16) (17) (18) (19) (20) (21) (22) . In addition, in vitro studies have suggested that the GATA-1:Runx1 complex directs megakaryocyte differentiation (22) . Furthermore, their respective Drosophila homologues, Srp and Lz, are coexpressed in the crystal cell lineage (25) . These observations suggested that Srp and Lz might interact to promote crystal cell lineage commitment. To test this hypothesis, we assayed for crystal cell production in embryos with coexpression of UAS-srp and UAS-lz, and compared these results to those in which each transgene was expressed separately. We used the UAS͞Gal4 system (39) with the twi-Gal4 driver to express the transgenes pan-mesodermally. Crystal cell production was monitored by using the Bc transcript and an antibody to a crystal cell-specific antigen (N.F. and R.A.S., unpublished data).
Expression of either UAS-srp or UAS-lz produced supernumerary crystal cells that persisted throughout embryogenesis (Fig. 1 C, 
G, H, L, M, Q, and R).
Despite pan-mesodermal expression of these proteins, cell production was constrained in both genetic backgrounds. Forced expression of SrpNC produced patterns of Bc transcript and crystal cell antigen expression that were both temporally and spatially restricted. As a result, crystal cell markers were first detected at the same developmental stages in both twi-Gal4;UAS-srpNC and control embryos ( Fig. 1 A, B, F , G, K, L, P, and Q). In addition, we observed that expanded crystal cell production was confined to the head region throughout embryogenesis by using either marker ( Fig. 1 G, L, and Q, and data not shown). Similar results were obtained with twi-Gal4-driven UAS-srpC (data not shown).
In contrast, ectopic Lz expression produced temporally and spatially altered Bc expression. In twi-Gal4;UAS-lz embryos, the transcript was detected earlier during stage 10 ( Fig. 1 A and C) . Furthermore, Bc was atypically expressed in the cephalic mesoderm in a pattern similar to endogenous srp expression (Fig. 1C) . Interaction between ectopic Lz and endogenous Srp most likely explains the Bc up-regulation. From stage 11 through 13, Bc expression declined to near wild-type levels ( Fig. 1 H and M) . Expression rebounded during late embryogenesis, forming a stippled pattern throughout the mesoderm (Fig. 1R) . The crystal cell-specific antigen was expressed in a similar pattern; however, it was not detected in the cephalic mesoderm in stage 10 embryos (data not shown).
Coexpression of Srp and Lz dramatically increased both Bc mRNA and crystal cell antigen levels when compared with either transgene alone ( Fig. 1 
B-D, G-I, L-N, and Q-S).
Similar to twi-Gal4;UAS-lz embryos, the Bc transcript was first detected in the cephalic mesoderm of stage 10 embryos. However, expression was greater in embryos with coactivation of SrpNC and Lz when compared with activation of Lz alone ( Fig. 1 C and D) . By stage 12, coexpression of SrpNC and Lz produced panmesodermal activation of the Bc gene that persisted throughout embryogenesis ( Fig. 1 I, N, and S) . This result was significantly different from the restricted pattern observed in either twiGal4;UAS-srpNC or twi-Gal4;UAS-lz embryos. In addition, coactivated SrpC and Lz also produced pan-mesodermal Bc gene expression, indicating that either isoform could function with Lz (data not shown). Furthermore, crystal cell antigen detection was significantly greater in embryos with both active transgenes than in those with only one (Fig. 1 J, O , and T and data not shown)
The combinatorial transgene activity was clearly synergistic, and not additive, because the level of Bc and crystal cell antigen expression was considerably greater with coactivation of Srp and Lz when compared with either transgene acting alone. This was most evident during stages 11-13. During this interval, Bc was expressed throughout the mesoderm in Srp and Lz coactivated embryos. In contrast, expression was limited to the head region in embryos with single transgene expression ( Fig. 1 G-I and  L-N) . Together, these data indicated that forced expression of Srp and Lz synergistically activated the crystal cell program.
During larval development, the lymph glands are the site of hematopoiesis. This tissue has two primary lobes and multiple pairs of secondary lobes. Genetic regulation of crystal cell production appears to be reiterated in larvae because srp is expressed throughout the cells of the lymph gland, whereas lz expression appears to be limited to a subset of srp expressing cells (25) . We used the e33c-Gal4 lymph gland driver to test whether coexpression of SrpNC and Lz would synergistically activate larval crystal cell production as it had during embryogenesis. Larvae were heat treated to visualize crystal cells. Forced expression of SrpNC and Lz produced far greater numbers of crystal cells than expression of either transgene alone (Fig. 2) . The findings in embryos and larvae indicate that Srp and Lz act together to promote crystal cell lineage commitment. Furthermore, the data indicate that Srp directly activates crystal cell lineage commitment in addition to its role in hemocyte precursor production.
SrpNC and Lz Repress ush Gene Expression. Ush is expressed with both Srp and Lz in hemocyte and crystal cell precursors (25, 26) .
In addition, Ush functions to repress crystal cell production (26) . These data suggested that Srp and Lz activation of the crystal cell program involves repression of ush gene expression. We used a Ush peptide antibody to assay Ush expression in embryos with Srp and Lz transgenes expressed either separately or together. Pan-mesodermal expression of either SrpNC or SrpC produced uniform activation of ush throughout the embryo (Fig. 3C and data not shown). Lz alone, or in combination with SrpC, did not repress ush expression (Fig. 3 A and E and data not shown). In contrast, coactivation of SrpNC and Lz inhibited ush activity in the hemocyte precursors, during stage 10 and at the same time when the Bc gene was up-regulated in these cells (Fig. 3G) . Furthermore, ush activity remained repressed in plasmatocytes throughout development (data not shown). These results suggested that the interaction of SrpNC and Lz either downregulated the ush gene or reprogrammed hemocyte precursors to produce crystal cells in lieu of plasmatocytes. To distinguish between these possibilities, we assayed hemocyte precursor gene expression and plasmatocyte production in twi-Gal4;UASsrpNC;UAS-lz embryos. Gcm is required for plasmatocyte production and is expressed in hemocyte precursors (33) . When we used the gcmlacZ enhancer-reporter fusion as a marker, we observed gcm activity in hemocyte precursors and plasmatocytes in embryos regardless of the genetic background (Fig. 3 B, D, F , and H). These results indicated that the loss of ush activity was caused by inhibition of gene expression and not a change in cell fate. Finally, forced expression of Lz in the presence of endogenous SrpNC did not inhibit ush expression. Thus, down- regulation of ush by the combinatorial action of SrpNC and Lz appears to depend on a threshold concentration of SrpNC.
SrpNC and Ush Interact to Block Crystal Cell Production.
Repression of ush expression by the combinatorial action of SrpNC and Lz may inhibit the formation of a potential SrpNC:Ush repressor complex, thereby enhancing crystal cell production. To test whether Ush and SrpNC interact to block crystal cell production, we coexpressed Ush with SrpNC, SrpC, or a mutant version of SrpNC that does not bind Ush. The transcripts used to produce these proteins are shown in Fig. 4 . SrpC is spliced to exclude the N-terminal zinc-finger, rendering it incapable of interacting with Ush. SrpNC is spliced to juxtapose the N-and C-terminal zinc-fingers, producing a protein with the characteristic GATA structure (40) . The amino acid sequence of the GATA Nterminal zinc-finger is highly conserved (8) . In addition, 7 of 25 amino acids required for GATA:FOG complex formation are all conserved between SrpNC and the GATA consensus sequence (8, 40) .
We produced a UAS-srpNC mutant strain in which amino acid residue valine 421 was mutated to glycine. A number of studies have shown that this residue is required for GATA:FOG complex formation. For example, an inherited valine to methione substitution in human GATA-1 precludes FOG-1 binding, resulting in familial dyserythropoietic anemia and thrombocytopenia (16) . In addition, valine to glycine substituted GATA-4 knock-in mice exhibit heart defects similar to FOG-2 null mutant embryos (14) . Finally, this conserved valine was among the seven residues shown to be essential for GATA:FOG binding (8) . We used the twi-Gal4 driver to coexpress these Srp proteins with Ush and monitored crystal cell production by using Bc transcript and crystal cell-specific antigen expression.
We have previously demonstrated that the crystal cell population increases in ush null embryos and misexpression of Ush or FOG related proteins within these cells inhibits their production (26) . Compared with wild-type controls, mesodermal expression of Ush reduced expression of both crystal cell markers (Fig. 5  A-D) , consistent with our previous findings. Furthermore, coexpression of SrpNC and Ush blocked expression of both markers, indicating that crystal cell production was completely repressed (Fig. 5 E and F) . Inhibition of crystal cell production was greater in embryos expressing both proteins than in those expressing Ush alone (Fig. 5 C and D) . Finally, SrpNC lost the capacity to produce supernumerary crystal cells when coexpressed with Ush. To determine whether Ush and SrpNC interact to repress crystal cell production, we coexpressed Ush with the noninteracting Srp proteins, SrpC and SrpNC V421G , and assayed crystal cell formation. Coactivation of Ush with either of the nonbinding Srp proteins had no effect on the production of supernumerary crystal cells (Fig. 5 G-J) , indicating that Ush must interact with a GATA-binding partner to inhibit crystal cell production. It has been reported that lz-Gal4-driven Ush, SrpNC, or SrpC expression inhibited crystal cell production. This finding implies that Ush functions independently of SrpNC in this capacity (40) . However, when inhibition of crystal cell production by the lz-Gal4 driver acting alone was accounted for, coexpression of Ush and SrpNC reduced cell number (data not shown). In contrast, neither SrpNC nor SrpC expressed alone inhibited production (data not shown), consistent with the results we obtained with the twi-Gal4 driver. Together, these results indicate that Ush limits crystal cell production only when bound to its GATA partner SrpNC and suggest that Ush binding converts SrpNC from an activator to a repressor of crystal cell development.
Discussion
In this report, we demonstrate that combinatorial interactions between Srp, Lz, and Ush regulate crystal cell lineage commitment. Coexpression of Srp and Lz synergistically activated the crystal cell program, elevating marker expression to a level significantly greater than that induced by either transgene alone. Our results indicate that, although Lz is necessary for crystal cell production, it is not sufficient, because lineage activation requires interaction with Srp. These findings represent an important in vivo demonstration of GATA and Runx factor synergism in hemocyte production. Moreover, the role of Srp in crystal cell production is not limited to hemocyte precursor specification and activation of the lz gene, but rather it is also directly involved in lineage activation. Coincident expression of SrpNC and Lz inhibited Ush expression, indicating that elimination of this crystal cell repressor contributes to lineage activation by these factors. In contrast, coexpression of SrpNC with Ush blocked crystal cell production. However, coexpression of Ush with either nonbinding Srp protein did not decrease supernumerary cell production, indicating that Ush repressor function depends on SrpNC binding.
Together with recent studies, our current findings have identified an integrated network of multifactor interactions that directs crystal cell production (Fig. 6 ). Extrinsic signals from the Notch-Serrate pathway act with Srp to up-regulate Lz expression (25, 36) . Srp and Lz then interact to promote lineage commitment, which includes down-regulating the Ush repressor component. This reduces the amount of Ush available for repressor complex formation, allowing SrpNC to act with Lz to drive crystal cell lineage commitment (Fig. 6A) . Ush is activated by Srp (26) and then binds SrpNC, converting it from an activator to a repressor of crystal cell production (Fig. 6B) . As an end result, a precise number of crystal cells emerge from the larger hemocyte precursor population based on the overall positive or negative combination of these vital hematopoietic factors.
SrpNC thus plays a pivotal role in crystal cell lineage commitment functioning as an activator in combination with Lz or a repressor when bound to Ush. In a broader context, these results show that the function of hematopoietic factors can be altered by changes in cofactor association. Moreover, they show that a single factor, in this case SrpNC, can act as an intermediary between competing regulatory pathways. Finally, these results provide an in vivo demonstration of the dynamic interactions between hematopoietic factors and the influence these interactions have on lineage selection.
These findings also highlight striking similarities between the genetic regulation of hemocyte precursor maturation in the Drosophila embryo and the development of erythrocytes and megakaryocytes from the erythroid progenitor in vertebrates. In both systems, GATA factors are expressed in bipotential precursor cells. As hematopoiesis progresses, GATA expression is maintained and its function is required in both descendent lineages: GATA-1 in erythrocytes and megakaryocytes, and Srp in plasmatocytes and crystal cells (7, 15-24, 41) . In contrast, Runx function is restricted to one lineage: Runx1 is restricted to the megakaryocyte lineage and Lz is restricted to the crystal cell lineage (22, 25) . In both systems, GATA and Runx synergistically activate gene expression in the Runx-restricted lineage, and cooperation between these proteins is thought to promote lineage commitment. GATA-1 and Runx1 interact physically to activate ␣IIb integrin gene expression. The conserved GATA zinc fingers are not required for GATA-1:Runx1 binding, whereas the poorly conserved N-and C-terminal domains of GATA-1 are essential for interacting with the Runt domain. GATA-1:Runx1 binding and gene activation is enhanced by core binding factor ␤ (22) . Whether Lz and Srp form a complex with or without the aid of cofactors must still be determined. However, this would not be surprising, because it is likely that additional factors act with Srp and Lz to program crystal cells because synergistic cell production was delayed until sometime after the initial coactivation of Srp and Lz. Considering the overlap of GATA-2 and Runx1 function during definitive hematopoiesis, the identification of GATA and Runx combinatorial hematopoietic gene activation in vertebrates and Drosophila may have broader implications for the regulation of blood development.
Another class of GATA cofactors is the FOG family of multitype zinc-finger proteins. A number of studies indicate FOG must physically interact with the N-terminal zinc finger of GATA partners to function during development. For example, a FOG-1 mutant incapable of binding GATA-1 failed to rescue erythroid or megakaryocytic maturation in a FOG null cell line (8) . In addition, recent studies have suggested that FOG-1 can interact with either GATA-1 or GATA-2 to promote megakaryopoiesis, arguing against the previous notion that FOG-1 functions independently in this process (5) . Furthermore, in Drosophila, Ush repression of heart and sensory bristle development apparently requires the GATA binding partner Pannier (6, 37) . Unequivocal examples of FOG-independent functions have not been found. Although forced expression of Srp proteins produced supernumerary crystal cells, coexpression of Ush and SrpNC completely blocked lineage commitment. However, Ush did not inhibit supernumerary cell production by the nonbinding Srp proteins, SrpC and SrpNC V421G , consistent with the interdependency between FOG function and FOG: GATA complex formation.
Multipotent precursors express a number of lineage-specific factors before lineage commitment, allowing them to remain poised for a variety of cell fate choices. A change in the concentration of these factors can alter the composition and abundance of specialized regulatory complexes, resulting in alternative lineage specification. This creates a dynamic system that responds to a variety of external inputs by varying the populations of cell types as needed to maintain the vitality of the organism. This report is a clear demonstration of the combinatorial regulation of Drosophila hematopoiesis and supports these models of blood cell development. Furthermore, it provides a framework for future investigation of multifactor complex control of hemocyte lineage commitment.
